Abstract An X-ray radiation source with approximately constant radiation temperature is realized by irradiating golden hohlraum with a shaped laser pulse. A simple theoretical model based on power balance is used to design the shape of the drive laser pulse. Experiments are carried out on the Shenguang III prototype laser facility, and the experimental results are presented for radiation sources with the flat-top lasting about 2.5 ns at two different peak temperatures of about 150 eV and 170 eV, respectively, including the time histories of the temperatures, the shapes of the drive laser pulses and the time integrated radiation spectra. The validity of the model and possible improvements are discussed.
Introduction
Hohlraums are widely used as X-ray radiation sources in indirect-driven inertial confinement fusion (ICF) and laboratory astrophysics experiments. Multibeams of lasers enter the hohlraum, and most of the laser energy is converted into soft X-ray radiation with photon energy below 5 keV, which forms a spatially uniform radiation field under the confinement of the high-Z hohlraum walls. The intense radiation is used to ablate the capsule filled with fusion fuels in indirect-driven ICF experiments, or as a drive for radiation transport and hydrodynamics experiments, etc [1∼4] . It is of great interest to study radiation transport [1, 2] and radiation hydrodynamics [5] under a constant radiation drive, which simplifies the theoretical analysis. The constant drive temperature also improves the fallline behavior in double-shell ignition studies [6] . A radiation source of constant intensity is realized through shaping of the drive laser pulse. BACK et al. [1, 2] used a two-step laser pulse to obtain a radiation drive with roughly constant temperature, and a continuously shaped pulse was also used to obtain more flat-top temperature curves [6, 7] . Currently, the shaping of laser pulses is realized using a trigger signal, whose shape is iteratively modified until the required laser pulse shape is obtained [8] . A series of experiments were carried out on the Shenguang III prototype laser facility, such as studies on implosion and ablation, which need various stepped pulse shapes, and the capability of laser pulse shaping technology was proven [9, 10] . In the following text, the experiment on radiation sources with constant radiation temperatures is described. First, the theoretical design of the laser pulse shape is elucidated, and then the experimental setup is presented, followed by experimental results. Finally, some of the problems found in the experiments are analyzed and conclusions are made.
Design of the laser pulse shape
The power balance in the hohlraum is expressed in the following equation [4] :
where P (t) is the laser power and η(t) is the X-ray conversion efficiency. T (t) is the radiation temperature, and α(t) is the wall albedo, which is the ratio of remitted X-ray fluxes from the radiated wall to the X-ray flux incident onto the wall. All the above four values vary with time t, and A W and A LEH are the area of the hohlraum wall and the laser entrance hole (LEH), respectively. In order to obtain a constant radiation temperature, i.e. T (t) ≡ T , the balance between the laser power entering the hohlraum and the energy loss in the hohlraum wall and through the LEH can be reached through shaping of the drive laser pulse. From Eq. (1), we have P (t) = σT
, which can be used to iteratively calculate the time history of the laser power. We suppose an X-ray conversion efficiency η(t) = 0.8t 0.12 and albedo α(t) = (1 + 0.32T [11] . The calculation result of the laser pulse in obtaining a constant radiation temperature is shown in Fig. 1 . The laser power amplitude is limited to a constant value (2.5×10
12 W) to reduce the damage of the final optics assembly at the beginning of the pulse duration, and goes down exponentially (approximately P (t) ∝ t −3.2 ) when the target temperature (150 eV) is reached at about 0.5 ns. The flat-top temperature remains constant until 3 ns, when the laser power drops to about 1.3×10
12 W. 
Experimental setup
Experiments are carried out on the Shenguang III prototype laser facility. Eight beams of the thirdharmonic, i.e. 351 µm wavelength laser, are used to irradiate a hohlraum that is 1200 µm in diameter and 2300 µm long, with the diameter of the laser entrance hole being 800 µm. Analysis of plasma filling [12] shows that hot plasma will not prevent the laser from propagating into the hohlraum during the duration of the laser pulse. The shapes of the laser pulse are designed according to the power balance model as presented in section 2. The diagnostics setup is shown in Fig. 2 . Two multichannel soft-X-ray spectrometers (SXS1 and SXS2) are installed to measure the radiation temperatures from the two laser entrance holes [13, 14] . Five flat-response X-ray diodes (FXRDs) are used to measure the radiation fluxes from five different directions. The novel FXRD is composed of a specially designed gold filter and gold cathode for the purpose of obtaining an approximately uniform response in the soft X-ray photon energy region from 100 eV to 4 keV [15] , and the radiation flux can be recovered using a weighted method [16] . A transmission grating spectrometer (TGS) using CCD as the detector is used to diagnose the time-integrated X-ray spectra. Two pin-hole soft X-ray cameras monitor the laser entrance.
Experimental results
The experimental results of the three shots are presented below. The laser energy is about 4593 J, 4146 J and 6134 J for shots 34, 35 and 36, respectively, and the laser pulse shapes are depicted in Fig. 3 . Nonlinearity between the triggering signal and the shape of the laser pulse makes pulse shaping a difficult task. The shape of the laser pulses of shot 35 is adjusted according to the previous shot 34 to achieve the required radiation temperature, and also to improve the consistency among different laser beams, which is not very good as shown in Fig. 4(a) for shot 34. The improvement in beam consistency is obvious, as shown in Fig. 4(b) , for shot 35. The inconsistency among beams brings differences into the radiation temperatures measured from different detectors, as will be shown below. A view factor code is used to simulate the fields of view of five FXRDs and the results are depicted in Fig. 7 . This view factor code uses three-dimensional unstructured grids and plasma movement is not considered. The profiles of the hohlraums are outlined with solid lines and the hohlraum wall sections that are visible from the detectors are shown with laser focal spots. The laser entrance hole through which the detector views the inner wall of the hohlraum is filled with a mapped view of the visible wall for convenience. Different detectors have different views of the hohlraum wall and the focal spots generated by laser and high-Z wall material interaction. The time histories of the radiation fluxes with slightly different plateau flatnesses are then obtained. If we take FXRD No.4 for example, as shown in Fig. 7(d) , which diagnoses from an angle of 55 degrees to the axis of the hohlraum, only part of the focal spot is visible, and this focal spot might move out of the detector's view later due to plasma movement and cause the FXRD signal to fall faster than the other FXRDs, as shown in Fig. 6 . The different behavior observed from different directions means that the radiation source is a complicated three-dimensional one that cannot be simply described by a one-dimensional model. Fig.6 The temporal evolutions of radiation temperatures measured by five flat-response X-ray diodes for shot 35 (color online) Fig.7 The fields of view of five FXRDs, simulated by the view factor code (color online)
The time-integrated X-ray spectra recovered by a transmission grating spectrometer are shown in Fig. 8 , and the M bands of the gold spectra can be obviously observed, which can preheat the sample package when used as a drive to study the opacity or equation of state, etc. The M-band fraction (photon energy > 2 keV) of the X-ray flux is about 12% for 150 eV and 14% for 170 eV, respectively.
Using measured laser pulses as the input, the radiation temperatures can be calculated according to the power balance model. From Eq. (1), we get the equation for the radiation temperature as
The calculated time history of the radiation temperature and the temperature range obtained from the experimental data are shown in Fig. 9 . The calculated temperature falls after it reaches its peak and is slightly lower than the detected values near the end of the temperature curve's flat-top. This should be improved with a better understanding of the temporal evolution of Xray conversion efficiency and wall albedo, as the power laws used in our model are derived under the assumption that the drive laser power remains constant. The X-ray conversion efficiency and albedo should increase faster than the used power laws when the laser power is dropping, so this needs more sophisticated models. Moreover, the error in diagnosing the laser pulse shape and the temporal evolutions of the fluxes is another source for the mismatch between the analytical model and the experiment results. Fig.8 The time-integrated spectra (color online) Fig.9 The calculated temperature and temperature range from the FXRD measurements for shot 35
Conclusion
The goal of this study is to develop an X-ray radiation source with approximately constant radiation temperature. Radiation sources with flattop temperatures of about 150 eV and 170 eV lasting about 2.5 ns are realized in our experiment using specially designed shaped laser pulses, and the characteristic parameters such as temporal evolutions of the radiation temperatures and time-integrated X-ray spectra, are obtained.
Comparison with the experimental results shows that the simple theoretical model based on power balance can give an acceptable estimate of the input laser pulse shape. However, due to the different fields of view of the different detectors, the temperature evolution histories show some differences. As the power law used in the above analysis is obtained by assuming a constant laser power, more realistic hohlraum physics can be properly simulated only by using more sophisticated models, such as two-dimensional or three-dimensional radiation hydrodynamics simulation, which will be the subject of our future work.
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